Thin films of ͑Bi 0.15 Sb 0.85 ͒ 2 Te 3 were prepared by dc magnetron sputter deposition on different substrates. It is well known that thermal treatment of as-deposited p-type ͑Bi 0.15 Sb 0.85 ͒ 2 Te 3 films leads to an enhancement of the power factor. Whereas up to now only the initial ͑as deposited͒ and the final ͑after annealing͒ film stages have been investigated, here, the dynamic changes of sputter-deposited film properties have been observed by in situ measurements. The enhancement of the power factor shows a significant dependence on thermal treatment. The best thermoelectric films have been prepared at a substrate temperature of 170°C, with a power factor of 24.4 W / ͑cm K 2 ͒. The changes in the Seebeck and Hall coefficients are caused by the enhancement in the Hall mobility after annealing. In situ x-ray diffractometry shows the generation of additional Te in dependence of the temperature. This is also confirmed by energy-dispersive x-ray microanalysis and the corresponding mapping in a scanning electron microscope. It is supposed that the locally well-defined Te enrichment is the reason for the improvement in the integral film transport properties.
I. INTRODUCTION
In addition to photovoltaics, thermoelectric energy conversion is a promising method for environment-friendly electricity production. Using the Seebeck effect in thermoelectric generators, renewable or waste heat fluxes driven by temperature gradients are directly transformed into electrical energy. 1 The thermoelectric figure-of-merit z of the materials used is the crucial parameter for the conversion efficiency. It is defined by z = S 2 / = P / , where S is the Seebeck coefficient, is the electrical and is the thermal conductivity, and P is the so-called power factor.
It was found empirically that at least for all known thermoelectric bulk materials the relationship zT Ͻ 2 ͑T is temperature͒ limits the efficiency of the energy conversion. Nevertheless, the search for new compounds with a higher thermoelectric figure-of-merit and their investigations continued undiminishedly. 2, 3 For devices in the operating range near room temperature ͑250-400 K͒, mixed crystals of the p-type solid solution ͑Bi 1−x Sb x ͒ 2 Te 3 of the compounds Bi 2 Te 3 and Sb 2 Te 3 with x Ϸ 0.8 got the highest figure-of-merit 4, 5 with z max Ϸ 3 ϫ 10 −3 K −1 in comparison with other materials. By nanostructuring, 6, 7 the thermoelectric performance of BiSb-Te bulk alloys could be enhanced recently to a value of zT = 1.4 ͑Ref. 6͒ near a temperature of 400 K and zT = 1.56 ͑Ref. 7͒ at 300 K.
A further ongoing trend is the miniaturization of thermoelectric devices such as generators or Peltier coolers up to the integration in electronic packages using the broad spectrum of thin film and nanotechnologies. [8] [9] [10] A wide application field for thin film generators is their use as power supplies for autonomous microsystems and sensors, e.g., for wireless data transfer. 9 Therefore, it is of topical interest to prepare thin film compound semiconductors and to study their thermoelectric properties. The deposition techniques used so far are, e.g., flash evaporation, 11 magnetron sputtering, 12,13 and coevaporation. 14 It has been known from several authors 8, 13, 14 that annealing of the as-deposited films leads to a distinct enhancement of the power factor of the films and in this way also to an increase in the power output of the corresponding devices. It is obvious that partially the as-deposited films drastically change their electronic transport properties in connection with a change in the structure 8, 13 after heat treatment. Whereas up to now only the initial ͑as-deposited͒ and the final ͑after annealing͒ film stages have been investigated, here the dynamical changes in the electrical conductivity during the annealing process have been observed by in situ measurements for the p-conductive thermoelectric compound ͑Bi 0.15 Sb 0.85 ͒ 2 Te 3 . The Seebeck and the Hall effects have been studied as well under stationary temperature conditions. In addition to the recording of these transport properties, the film structure and composition have been analyzed by in situ x-ray diffraction ͑XRD͒ in dependence of the temperature, field emission scanning electron microscopy ͑FESEM͒, and energy-dispersive x-ray microanalysis ͑EDX͒. Besides an extension of the experimental basis for a better understanding of the reasons for the changes of the film properties caused by heat treatment, the presented results could have a meaning for the optimization of the annealing process in the technological chain within the production proa͒ Author to whom correspondence should be addressed. 15, 16 the following target composition was used to achieve a stoichiometric film composition: ͑Bi 0.15 Sb 0.85 ͒ 2 Te 3 + 20 at. % Te, with a purity of 5N of the basic material. The substrates were cleaned by ethanol and acetone. Residual contaminations on the substrates were eliminated prior to deposition by inverse sputter etching. Moreover, a better film adhesion on the substrate was achieved in this way.
Before deposition, the basic pressure in the vacuum chamber was lower than 1 ϫ 10 −4 Pa. All thin films were deposited with a sputtering rate of 6.17 nm/s. The substrate temperature was measured by a thermocouple lying directly under the substrate. Well-defined sample structures were prepared using a mask technique. Due to the different transport measurement methods carried out, two different sample geometries were used. Within one deposition run, a total of 22 thin film samples were produced with rectangular and squared shapes. The determination of the transport properties of the rectangular films required metallic contact pads, which were made of nickel. The layout of the rectangular samples is shown in Fig. 1 . The squared samples were prepared with an edge length of 10 mm.
The Ni contacts with a thickness of about 3 m for the rectangular samples were deposited by dc magnetron sputtering at room temperature. Three different film thicknesses ͑2, 6, and 20 m͒ were investigated. The thickness of the films was determined by cross section FESEM.
The thermal treatment of the samples was performed in nitrogen atmosphere up to a maximum temperature of about 320°C with a heating rate of 20 K/min. After reaching the chosen final temperature, the heater was turned off, and the sample was cooled down, without forced cooling.
III. RESULTS

A. Measurement of transport properties
The electrical conductivity of thin films was measured in dependence of the temperature with two different methods. Squared samples were tested with the common four-probe method ͑two current and two voltage drop probes͒.
Rectangular samples were tested in a combined measurement setup for both the determination of the Seebeck coefficient and the electrical conductivity. The tests were carried out for measurement temperatures ranging from 20 up to 90°C for as-deposited samples and after thermal treatment. The measurement of the electrical conductivity was carried out by a standard four-wire method to avoid the influence of the contact resistance. A constant current was applied at contact 3 in Fig. 1 . The voltage was measured between contacts 4 and 6. The four-probe method and the four-wire method lead in the corresponding temperature range to very similar results.
Representative results of the dynamic in situ measurement of the electrical conductivity during thermal treatment are shown in Fig. 2 . The first heating cycle of the asdeposited films shows typically three sections. From room temperature up to a temperature of about 200°C, the electrical conductivity slightly decreases. When the temperature exceeds 200°C, the electrical conductivity begins to increase up to a temperature of about 250°C. A further increase in the temperature up to 320°C shows no significant influence on the electrical conductivity. Afterwards, the temperature was lowered from about 320°C to room temperature. In the temperature range between 320 and 260°C, the electrical conductivity is nearly unchanged compared with the value of the first heating cycle. A further decrease in the temperature leads to a steadily rising electrical conductivity. This behavior was observed in all ͑Bi 0.15 Sb 0.85 ͒ 2 Te 3 thin films. The enhancement of the electrical conductivity was found to be irreversible. This was confirmed by a second heating cycle from room temperature up to a temperature of about 320°C. With rising temperature, the values of the electrical conductivity remain close to the results after the first cooling cycle at corresponding temperatures.
The behavior demonstrated in Fig. 2 has not been reported up to now for such thermoelectric films. Furthermore, it has to be noticed that only a thermal treatment above tem- peratures of about 150°C leads to an increase in the electrical conductivity. Measurements at samples on a Si/ SiO 2 substrate show the same effect. Moreover, no dependence on film thickness was observed.
The electrical conductivity of the rectangular samples was measured before and after thermal treatment. The asdeposited samples show only a weak dependence of the electrical conductivity on temperature. All samples displayed in Fig. 3 were fabricated within one deposition run. Nevertheless, the electrical conductivity of these samples shows a variation between 280 and 330 ͑⍀ cm͒ −1 . After thermal treatment, an increase in the electrical conductivity can be observed for all samples. Moreover, all films show after heat treatment a distinct decrease in the electrical conductivity with rising temperature. This corresponds to the measurements of the squared samples in the corresponding second heating temperature cycle ͑see Fig. 2͒ .
In order to measure the Seebeck coefficient, a temperature difference of about 5 K was applied between contact 3 ͑Fig. 1͒. The thermovoltages of the copper-constantan thermocouples were measured and the Seebeck coefficient is calculated from the expression:
where U Cu and U Con are the thermovoltages between the copper wires and the constantan wires, respectively, and S Cu and S Cu Con are the Seebeck coefficients of copper and of the copper-constantan couple, respectively ͑see Fig. 1͒ . The Seebeck coefficient of the as-deposited thin films varies between 161 and 206 V / K at room temperature ͑Fig. 4͒. After thermal treatment at 320°C, the Seebeck coefficient increases and scatters between 200 and 230 V / K. In the tendency, the Seebeck coefficient is higher after thermal treatment. This behavior was found to be independent of the film thickness. A comparison of the values between individual samples sN confirms the expected tendency: the higher the electrical conductivity ͑see Fig. 3͒ , the lower the Seebeck coefficient ͑see Fig. 4͒ .
In addition to the measurement of the Seebeck coefficient and the electrical conductivity, the determination of the Hall coefficient provides information about changes in the transport parameters, such as carrier density and mobility. All Hall effect measurements were carried at room temperature before and after heat treatment. The electrical conductivity of the films was measured independent from the four-probe method again to calculate the Hall mobility within one measurement cycle. The electrical conductivity was measured between contacts 4 and 6 ͑see Fig. 1͒ and between 5 and 7. The Hall voltage U was measured between contacts 4 and 5 and between 6 and 7. To eliminate errors caused by possible Ohmic voltage drops between the Hall probes, it is sufficient to reverse the direction of the magnetic field and calculate the Hall coefficient H from the expression
where U +B and U −B are the voltages under opposite directions of the magnetic field +B and −B with an orientation perpendicular to the sample surface. I is the current and d the thickness of the film. In Fig. 5 , the results of the measurements for samples with different thicknesses and substrates are shown. The increase in the electrical conductivity due to the thermal treatment observed before can be confirmed with this method. Furthermore, all thin films posses a higher Hall coefficient after the thermal treatment, which is independent from the chosen substrate and the thickness of the films.
B. Film characterization by XRD, FESEM, and EDX
The morphology and the composition were investigated by means of XRD, FESEM, and EDX. The XRD measurements were performed at room temperature with a scan speed of 1/700 deg/s in the conventional −2 mode using a Siemens D5000 diffractometer ͑Cu K␣ radiation͒. For in situ measurements from room temperature up to 320°C, the sample was placed on a heated sample goniometer in the diffractometer. An XRD pattern was taken every 10°C at constant temperature with a scan speed of 1/125 deg/s. Figure 6 shows the XRD results of the as-deposited and thermally treated films on polyimide substrate. From the comparison to the powder diffraction file, 17 the pattern of the as-deposited films can be attributed to the ͑Bi 0.15 Sb 0.85 ͒ 2 Te 3 phase. All thin films show a texture before and after thermal treatment. Nevertheless, there are differences between films with different thicknesses. Only the distinct peaks which correspond to the ͑0 1 5͒ and ͑1 0 10͒ plane can be observed in as-deposited films with a thickness of 6 m. Thicker films show numerous peaks with high intensity. Moreover, the ͑1 0 10͒ could not be observed. After thermal treatment, the peaks become sharper and gain in intensity, which is an indication of the grain growth. Additionally, some new peaks at an angle of 27.6°and 23.2°as well as some further small ones can be observed, which do not match the powder diffraction pattern of the ͑Bi 0.2 Sb 0.8 ͒ 2 Te 3 phase. Figure 7 shows a closer look to the angular range where the additional peaks appear. Comparing with the powder diffraction file of tellurium, 18 these new peaks can be attributed to pure Te. The growing of the pure Te was investigated in situ. The angular scan was carried out close to the new ͑1 0 1͒ peak of the Te near the ͑0 1 5͒ peak of the mixed crystal. Figure 8 shows the result of the in situ heat treatment.
The peak of the Te begins to grow between 200 and 250°C. It is fairly intense at the final temperature of 320°C. Moreover, it can be seen that the peak of the Te is stable after cooling down. It is remarkable that the growth of the Te begins in the same temperature range where the increase in the electrical conductivity was to be observed with the four-probe method ͑Fig. 2͒.
Cross-sectional FESEM investigations of the thin films were performed on a Philips ESEM XL 30 FEG at an accelerating voltage of 12 kV. The structural differences between the as-deposited and thermally treated films apparent in the XRD patterns became also visible in FESEM micrographs ͑Fig. 9͒. The as-deposited films show a fine grain structure near the substrate, followed by a columnar pattern. The preferred orientation of the crystallites, which was observed in XRD, is also visible in the FESEM micrographs. The columnar structure can be assumed to be correlated with the ͑0 1 5͒ texture. After thermal treatment, the fine grain sized structure near the substrate remained despite the structural changes. However, the film became porous ͓Fig. 9͑b͔͒. The overall elemental composition of the films was determined by means of EDX ͑Table I͒. It was found that the composition of the 
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films slightly deviates from the stoichiometry. The overall composition remained nearly unchanged by thermal treatment.
The samples for EDX mappings were prepared in a sandwichlike arrangement. Thin films grown on Si/ SiO 2 substrates were embedded between two pieces of silicon with epoxy resin. A cross section was prepared by cutting and polishing. For the EDX signal of each element and the background, a separate channel was defined. Each mapping was taken from the over all cross section over a sample length of 7.78 m. The analysis of EDX mappings was carried out by subtracting the background signal and averaging over all positions parallel to the substrate in order to get the elemental distribution in the growth direction.
The result of the EDX measurements is given in Fig.  10͑a͒ . The distribution of the elements Te, Sb, and Bi shows no distinct differences in the as-deposited films. The mapping of thermally treated film confirms the XRD measurements. The analysis of the EDX mapping in Fig. 10͑b͒ show a lamella with an increase in the tellurium concentration, accompanied by a lower concentration of bismuth and antimony. EDX mapping using the tellurium L edge ͑Fig. 11͒ corroborates the result. The Te is located in between the region with fine grains close to the substrate and the columnar structure at the top of the film.
IV. DISCUSSION
With the increase in the electrical conductivity and the Seebeck coefficient S, the power factor benefits from the thermal treatment. Figure 12 shows the power factor of different samples before and after thermal treatment.
The power factor of the as-deposited films varied between 7.1 and 13.4 W / ͑K 2 cm 1 ͒. These values are higher than results of films deposited at room temperature reported previously. 13 The influence of substrate temperature was investigated in coevaporated films.
14 It was found that a higher substrate temperature lead to a higher power factor. The highest power factor of 24.4 W / ͑K 2 cm 1 ͒ obtained after thermal treatment at 320°C is higher than other reported values 13 and close to the maximum power factor of 36 W / ͑K 2 cm 1 ͒ reported for deposition at higher substrate temperatures. 8 The values calculated for the Hall mobility and the carrier concentration p are shown in Fig. 13 . It is remarkable that the films posses a lower carrier concentration after thermal treatment. Simultaneously, the Hall mobility has been increased by the factor of about 2 after the thermal treatment. The Seebeck coefficient relates to the carrier density in tendency by S ϰ p −2/3 . The correlation of the Hall mobility and the electrical conductivity is given by = ep, where e is the unit charge. This explains the simultaneous increase in the electrical conductivity and the Seebeck coefficient after thermal treatment.
The lower carrier concentration after thermal treatment benefits the Seebeck coefficient. The enhancement of the Hall mobility is higher than the decrease in the carrier concentration. Consequently, the electrical conductivity increases by the thermal treatment.
Investigations of the structural changes have shown a grain growth and the formation of locally well-defined Te precipitates. These two conditions are related to the enhancement of the integral transport properties. Furthermore, it is supposed that the pure Te is a crucial factor for the improvement of the power factor, since the increase in the electrical conductivity was observed in the same temperature range where the Te started to grow ͑see Figs. 2 and 8͒. The formation of the Te precipitates is located between the fine crystalline and the columnar regions ͑see Figs. 9-11͒. It was reported 6, 19 that nanograined bulk Bi x Sb 2−x Te 3 showed pure tellurium precipitates with diameters ranging between 5 and 50 nm.
The ͑0 1 5͒ reflexion ͑see Fig. 6͒ observed in the XRD pattern indicated that the c-axis of most crystallites is tilted of about 11.3°to the substrate surface. In contrast with other authors, 14, 20 crystallites with the orientation of the c-axis perpendicular to the substrate surface were not found, since the XRD pattern had shown no appearance of the ͑0 0 6͒ reflexion. For the explanation of the correlation between the decrease in the carrier concentration and the growth of the Te after thermal treatment, it is necessary to look at the characteristics of a single crystal. Te 3 showed that, besides the antisite defects, additionally defects exist in the Sb sublattice, where Te occupy an Sb site with donor behavior. 22, 23 It is assumed that simultaneously with the grain growth, Te is able to diffuse during the thermal treatment through the polycrystalline film, and thereby some Te atoms occupy Sb sites in the sublattice. This could lead to the observed decrease in the carrier concentration. A more detailed analysis of the structure by means of TEM and the investigation of the thermal conductivity in future studies would lead to a better understanding of the influence of the Te precipitates.
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